The individual effects of dietary cholesterol and fat saturation on plasma lipoprotein concentrations were determined in an ethnically diverse population of normolipidemic young men (52 Caucasian, 32 non-Caucasian). The experimental diets contained -200 or 600 mg/d of cholesterol, 36-38% of calories as fat, and high or low proportions of saturated and polyunsaturated fat (polyunsaturated/saturated fat ratio -0.8 vs 0.3). At the lower cholesterol intake, the high saturated fat diet had only a modest effect on LDL cholesterol in Caucasians (+ 6 mg/di`) and none in non-Caucasians. 600 mg cholesterol with high saturated fat led to a substantial mean increase in LDL cholesterol, which was significantly greater in Caucasian than in non-Caucasian subjects (+ 31 mg/dl vs 16 mg/dl, P < 0.005). 600 mg cholesterol with increased polyunsaturated fat gave a mean LDL increase of 16 mg/dl, lower than found when the same high cholesterol intake was coupled with increased saturated fat. Variation in cholesterol rather than the proportions of saturated and polyunsaturated fat had the most influence on LDL-cholesterol levels. Among non-Caucasians it was the only significant factor. (J. Clin. Invest. 1995. 95:611-618.)
Introduction
Changes in dietary fat saturation and cholesterol content, alone or in combination, have often been demonstrated to modify plasma cholesterol and, in particular, that in LDL (1, 2) . That is, transfer to a diet rich in cholesterol and saturated fat usually increases LDL cholesterol (LDL-C)' while diets reduced in cholesterol and enriched in unsaturated fat have an opposite effect. Some investigators have concluded that the effect of saturated fat is most important (3) (4) (5) . Others have concluded that dietary cholesterol may be more important, particularly when the diet is rich in saturated fat (6) (7) (8) . Additionally, individual saturated fatty acids can have variable effects on LDL-C (9, 10) .
The origin of cholesterol in LDL has recently become much better defined. Much of the cholesteryl ester in plasma is synthesized in HDL from lipoprotein or cell membrane free cholesterol by the action of lecithin:cholesterol acyltransferase (LCAT) and part of this is transferred, by the action of cholesteryl ester transfer protein (CETP) to VLDL or its products, intermediate density lipoprotein (IDL) and LDL (11) . However newly secreted plasma VLDL, the precursor of plasma LDL, already contains significant amounts of cholesteryl ester (12) . The activities of both LCAT and CETP are increased postprandially (13, 14) . LCAT and CETP activities are also modified by diet (15) . The cholesterol content of newly secreted VLDL may also be under dietary control. Changes in plasma LDL-C concentrations could be the result of changes in the activities of LCAT or CETP in plasma, the cholesterol content of newly secreted VLDL, or the rate of removal of LDL from the circulation (16) (17) (18) .
In the study reported here, we asked whether the amount of cholesterol consumed, or the saturation of dietary fat, was more important in determining plasma and LDL cholesterol level; and whether changes in plasma cholesterol metabolism in fasting and postprandial plasma could explain changes in plasma cholesterol concentration.
Most studies of the effects of dietary lipids on plasma lipoproteins have been carried out in populations either largely Caucasian or undefined. Because our study population was ethnically diverse, we could evaluate the influence of ethnicity on the response to dietary fat and cholesterol. The data we obtained suggest that it may have a significant role, particularly in response to saturated fat.
Methods
Selection criteria. Individuals recruited to this study were healthy, nonsmoking males (25-35 yr) . We excluded those with plasma cholesterol levels above the 90th percentile or below the 5th percentile for age, those with triglycerides above the 80th percentile (19), or those with a history of systemic disease such as diabetes or renal failure. Men whose body weight deviated more than 10% from their ideal body weight range for height and frame size (based on the 1983 Metropolitan Life Insurance tables) were also excluded. The protocol, all procedures, and consent forms were reviewed and approved by snack were provided. The caloric content of the food was calculated to maintain body weight. Body weight was maintained within 3 lbs of starting weight for each individual throughout the 6-wk study. Energy requirements were estimated from the Harris-Benedict equation (20) and a detailed physical activity questionnaire. Body weights were measured daily, and exercise levels were kept constant and monitored by the dietician. All food was prepared using recipes designed for this study; no formulas or liquid supplements were used. Experimental design. Upon first entry into the study, all subjects consumed for a 2-wk washout period a baseline diet designed to contain -200 mg/d cholesterol and a high proportion of unsaturated fat. The compositions of this diet (low cholesterol, high polyunsaturated fat diet [LC-PUFA]) and others consumed in this study were confirmed by chemical analysis (Table I) . Subjects were consecutively assigned to one of four diet groups after the washout period. One group continued to eat the baseline (LC-PUFA) diet for a further 4 wk (Fig. 1) . The other three groups changed at that time to diets low in cholesterol but high in saturated fat (LC-SFA), high in cholesterol and high in saturated fat (HC-SFA), or high in cholesterol and high in polyunsaturated fat (HC-PUFA) (Table I) .
At the beginning (day 1) and the end (day 15 ) of the 2-wk washout period, blood was collected after an overnight fast. Postprandial blood sampling was done after each subject consumed a test meal. For this and all subsequent postprandial tests (Fig. 1) Table I. min) and used in the assays described below. In addition, at weeks 4 and 6 of the study, i.e., after 2 and then 4 wk of the experimental diets, fasting plus four postprandial blood samples at 3- Data analysis. The design of this study required a 2-wk washout phase followed by 4 wk of an experimental diet. To avoid possible variability due to the habitual diet all subjects received the identical LC-PUFA washout diet. The purpose of this design was to attempt to achieve a common baseline for all subjects.
The autoanalyzer output was captured into computer (IBM80; IBM Corp., Armonk, NY) using custom software. The statistical analyses were performed using the SAS statistical software package (SAS Institute, Cary, NC). Evaluation of the fasting lipoproteins at weeks 2, 4, and 6 used one-way ANOVA methods. Analysis of the postprandial 
Results
A total of 96 subjects was evaluated and met the eligibility criteria described above. A complete data set was collected from 84. The remaining individuals withdrew either before (six subjects) or during (five subjects) the study, or incomplete data were collected (one subject Comparison of fasting LDL-C by diet at week 2: Total, P = 0.98; Caucasian, P = 0.74; non-Caucasian, P = 0.84. LDL-C values are from the end of the washout (week 2 of study) and after 2 wk of experimental diet (week 4 of study). (Fig. 2 ). There was a significantly greater response in Caucasian than in non-Caucasian subjects (Table IV) this case (P < 0.001 compared to washout), significantly less than with the HC-SFA diet (P = 0.001). This same relationship was observed in the LDL-C component (P = 0.02, Table IV ). However the response of the non-Caucasians to the HC-SFA and the HC-PUFA diets did not differ significantly. These data indicate that in the presence of either high or low cholesterol intake, there was a significant response to saturated fat among the Caucasian subjects but not among the non-Caucasians. The distributions of individual changes in LDL-C over the first 2 wk of the experimental diets for the LC-PUFA, LC-SFA, HC-PUFA, and HC-SFA diets are shown in Fig. 3 . In the case of the HC-SFA diet group, it was observed that seven of eight values for the non-Caucasian subjects were less than the mean for the Caucasians.
There was no significant correlation between LDL cholesterol concentration at the end of the washout period and any subsequent increase in LDL cholesterol found on the HC-PUFA or HC-SFA diets (r = 0.27, P = 0.09). On all of the diets, there was no further significant change in plasma or LDL cholesterol levels when the same diet was continued for a further 2 wk.
After the washout there was no difference in mean fasting HDL cholesterol when analyzed by diet or race. The magnitude of change from the washout during the experimental diet period (Fig. 2) sults after an HC-SFA test meal at weeks 2, 4, and 6 are shown in Table V . Values rose by 1-2 mg/dl at 3-9 h and then decreased again to fasting levels at 12 h. The pattern of EC response above fasting levels was also similar with each of the four test meals at 2, 4, and 6 wk. HDL EC levels increased from fasting levels by 12 h postprandially (+ 1.6, 1.8, and 1.9 mg/dl on average at weeks 2, 4, and 6). This was a significant difference at each time point (P < 0.0001). Fig. 4 displays the magnitude of change from fasting for the HC-SFA diet at weeks 2, 4, and 6. The rest of the postprandial increase in cholesteryl ester was found in LDL. These changes were part of a marked redistribution of cholesterol between plasma lipoprotein classes. There was first a significant but transient postprandial increase of VLDL cholesterol (P < 0.0001) peaking simultaneously with triglyceride after 3 h. There was a simultaneous but opposite pattern in the cholesterol content of the LDL+ IDL fraction. Later in the postprandial cycle (9-12 h) these effects were reversed, so that the major final effect (12 h) was an increase in LDL+ IDL EC over initial levels (P < 0.0001).
Fasting triglyceride levels. After the washout, mean fasting triglyceride values differed somewhat among the four diet groups, with those individuals selected to receive the LC-SFA diet having a higher concentration (Table III , P = 0.07). Therefore, subsequent changes in TG concentration were related to baseline values obtained at the end of the washout period. After 2 wk of the experimental diets a significant increase in mean TG occurred among those receiving a high cholesterol diet (+ 13.9 mg/dl for the combined HC-PUFA and HC-SFA groups vs + 2.0 mg/dl for the combined LC-PUFA and LC-SFA groups, P = 0.003). This difference may, however, reflect at least in part the higher initial concentration of TG in the LC-SFA group. No further change occurred between weeks 4 and 6. In addition, no difference between Caucasians and non-Caucasians occurred in fasting TG after the washout phase or in the increase in TG at weeks 4 and 6 of the study. Postprandial triglyceride concentrations. The absorption of dietary fat was followed by a doubling of the fasting level of plasma triglyceride 3 h postprandially, typically followed by a decline below fasting levels at 9-12 h (Fig. 5) . Fasting triglyceride was highly predictive of the magnitude of postprandial response at 3 h at weeks 2, 4, and 6 (r = 0.70, P < 0.001 ). We also found a lower 3-h postprandial triglyceride concentration in Caucasians compared with non-Caucasians (at the end of the washout period, 137.6 vs 180.0 mg/dl, P = 0.03; after 2 wk of experimental diet, 169.2 vs 208.0 mg/dl, P = 0.04; after 4 wk of experimental diet, 167.8 vs 200.0 mg/dl, P = 0.06). For the entire postprandial interval these differences persisted.
Fasting and postprandial plasma LCAT activity. There was a significant difference in mean LCAT activity among the four diet groups at the end of the washout period, with the LC-PUFA and LC-SFA groups (20.0 and 21.3 ug/ml per h, respectively) being higher than the HC-PUFA and HC-SFA groups (15.5 and 14.9 pg/ml per h, respectively) (P = 0.0004). After 2 wk of the experimental diets the mean fasting rate of LCAT activity decreased for those consuming a low cholesterol diet, while it increased with a high cholesterol diet, resulting in equivalent mean fasting rates (LC-PUFA 16.7, LC-SFA 18.0, HC-PUFA 17.7, and HC-SFA 17.3 ug/ml per h, respectively). After a further 2 wk (4 wk in all on the experimental diets) mean fasting values in each case tended to return towards their original values (LC-PUFA 18.0, LC-SFA 19.7, HC-PUFA 16.2, and HC-SFA 16.6 ,pg/ml per h, respectively) (P = 0.18).
All four diets resulted in a generally similar pattern in the 12-h postprandial period after 2 wk of experimental diet (Fig.  6) but with a significant difference among the five means obtained at 3-h intervals (P < 0.0001). Activities increased postprandially above fasting baseline values with a peak at 6 h, lagging from the maximum postprandial triglyceride concentration (3 h), and then decreased to close to their original values by 12 h, indicating a curvilinear effect. At week 4 the highest postprandial response was found in the HC-PUFA group, while a lower response was found with the HC-SFA diet. However, the difference in the level of postprandial response due to diet (Fig. 6 ) was of only borderline significance (P = 0.06). No difference occurred at 6 wk.
There was a modest but significant difference between Cau- casian and non-Caucasian groups in baseline fasting LCAT activity (16.7±5.7 vs 19.8±6.6 ,ig/ml per h, P = 0.03), along with a difference in the test meal response over 12 h of LCAT values (wk 2) (P = 0.05). This ethnic difference was not seen after 4 wk of experimental diet, however.
A significant correlation was found between LCAT and triglyceride values both in fasting plasma and 3 h postprandially. In fasting plasma, this correlation at weeks 2, 4, and 6 was r = 0.56, P < 0.001; r = 0.32, P = 0.003; and r = 0.41, P < 0.001. In 3 h postprandial plasma, the correlation at weeks 2, 4, and 6 was r = 0.51, P < 0.001; r = 0.36, P = 0.001; and r = 0.39, P < 0.001.
Fasting and postprandial plasma CETP activities. On average there was little or no net transfer of cholesteryl esters from HDL to VLDL and LDL in fasting plasma after the washout period (overall mean -0.5 tig ml/h EC transferred, vs an average of 18.0 ug/ml per h EC synthesized by LCAT). After 2 wk of the experimental diets there was a significant difference among the 0-12-h interval means (P < 0.0001) with maximal activity with all of the four diets at 3 h. coincident with the maximum of plasma triglyceride (Fig. 6) . A significant diet effect was also observed at this time (P = 0.006) with the highest activities found with the HC-PUFA and HC-SFA groups. However, the diet and postprandial effects became nonsignificant after 4 wk of the experimental diets. Lower CETP values (P = 0.03) were found in the Caucasians after 2 wk of the study diets, but were not observed after 4 wk.
Discussion
In this study, we measured the independent contributions of changes in the proportions of saturated and polyunsaturated fat and of cholesterol to LDL-C changes in Caucasian and nonCaucasian young men. The data of Hegsted and Keys and subsequent work (3) (4) (5) predicted that with the diet changes used, these modifications in fat and cholesterol would each contribute substantially to increases in total cholesterol, and that these would be additive (Table VI) .
In agreement with earlier reports (28, 29) Cholesterol effect LC-PUFA vs HC-PUFA P < 0.0001 P = 0.0002 P = 0.007 LC-SFA vs HC-SFA P < 0.0001 P < 0.0001 P = 0.002 Fat saturation effect LC-PUFA vs LC-SFA P = 0.48 P = 0.34 P = 0.85 HC-PUFA vs HC-SFA P = 0.001 P = 0.0001 P = 0.57 siderable variation in the response to dietary fat and cholesterol. However the experimental data showed unequivocally that in our population, increasing saturated fat at the expense of polyunsaturated fat alone had little effect on average total cholesterol and LDL-C concentrations.
In hamsters and at least some nonhuman primates, the hypercholesterolemic effect of dietary saturated fat is greatly amplified by addition of cholesterol to the diet (30) , but this effect has not been observed in guinea pigs (31) . It is generally believed that the effect of dietary saturated fats in humans is independent of dietary cholesterol. However, from a recent analysis of literature data, Hayes and Khosla have concluded that in normolipidemic subjects consuming < 300 mg cholesterol daily, the major dietary saturated fatty acid, palmitic acid, has no effect upon plasma cholesterol concentration, most of the observed variance being explained by intake of myristic and linoleic acids (2) . At higher levels of dietary cholesterol, palmitic acid may be hypercholesterolemic, an effect attributed to partial downregulation of the LDL receptor by dietary cholesterol (2). In our subjects ingesting -200 mg cholesterol daily, little effect on total cholesterol or LDL-C was observed when the polyunsaturated/saturated fat ratio was reduced from 0.83 to 0.38, achieved by increases in consumption of myristic and stearic as well as palmitic acid.
The converse situation-reduced effect of dietary cholesterol on serum cholesterol and LDL-C when polyunsaturaterich diets are fed-has been observed by some, but not all investigators, as reviewed elsewhere (3, 32, 33) . In a systematic study of this question, Schonfeld et al. varied the P/S ratio of the diet from 0.25 to 0.4, 0.8, and 2.5 in normolipemic young men fed diets containing 300 mg cholesterol or with the addition of three or six eggs (calculated as containing an additional 750 or 1,500 mg cholesterol) (7) . They found graded responses to a given amount of added cholesterol. At the highest P/S ratio, no effect of adding 750 or 1,500 mg of cholesterol on total cholesterol or LDL-C was observed in six subjects. In our study, the result of adding -400 mg cholesterol to the diet at a P/S ratio of -0.8 was slightly greater than that predicted by the Keys and Hegsted equations, and the combined effect of a cholesterol and saturated fatty acid-rich diet was close to that predicted by these equations.
One reason for the differences found in the current study may be the inclusion of a substantial proportion of non-Caucasians in the study population. On average these subjects showed little or no response to replacement of saturated for polyunsaturated fat (alone or in combination with cholesterol) although their response to cholesterol was similar to that of Caucasians (Table VI) In contrast to these findings with plasma cholesterol, fasting and postprandial triglyceride levels did not differ among ethnic groups. Plasma fasting triglyceride was unaffected by dietary fat saturation. This probably reflects the stable body weight of the subjects, a major determinant of plasma triglyceride levels (34) . Postprandial triglyceride response was highly correlated with fasting triglyceride concentration, consistent with previous data (35) , but was unaffected by the basal diet.
Both LCAT and CETP activities increased postprandially, consistent with previous reports (13, 14, 36) . CETP increased with triglyceride, peaking at -3 h, probably because VLDL triglyceride was rate limiting for cholesteryl ester transfer (37) . The maximal increase in LCAT occurred later (6-9 h). Fasting LCAT rates were not affected by diet, and the general shape of the postprandial response curve of LCAT was similar regardless of the composition of the test meal consumed. In the case of CETP, fasting rates were increased after 2 wk consumption of the HC-PUFA and LC-SFA diets. The mean increase in CETP activity found with the HC-PUFA and LC-SFA diets (-+5 jig/ml per h averaged over the 12-h period of measurement) would represent an increase of (5 x 60 x 100) or + 30 mg/ dl in VLDL-C and LDL-C over the estimated 60-h residence time of LDL (38) . However, there was no parallel change in LDL-C. In LC-SFA group, LDL-C was almost unchanged; in the HC-SFA group, LDL-C increased but CETP activity was unchanged by diet; while in the HC-PUFA group, CETP activity was increased. Over a longer period (4 wk) while LDL-C was maintained, CETP activity decreased once more toward baseline in the LC-SFA and HC-PUFA groups. These results indicate that factors other than CETP activity are preeminent in determining LDL-C. In many mammals, probably including humans, the effect of saturated fat is exerted mainly at the level of the LDL receptor (30) . This may be the longer-term, CETPindependent mechanism that maintains elevated LDL-C when mean CETP activity, initially increased, has returned to its original levels.
Findings in this study, including the influence of dietary cholesterol as related to dietary fat saturation, differences between ethnic groups, and trends in LCAT and CETP activity, Dietary Fat Saturation and Cholesterol in Caucasians and Non-Caucasians will all need to be confirmed by further research to determine if they apply more broadly to the population. Our subjects were relatively young. It is possible that with age the importance of dietary fat saturation (relative to cholesterol) increases. There may also be unrecognized differences in physiology, perhaps reflecting lifestyle factors such as exercise, body mass index, or habitual diet that distinguish this population sample, although Caucasians and non-Caucasians appeared not to differ in these respects. If the differing dietary responses of Caucasians and other ethnic groups observed here apply to the greater population, this could have important implications for public health and education.
